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ABSTRACT  The hyperarid to arid Namib Desert extends along the west coast of southern 
Africa. The Kuiseb River is one of the major ephemeral rivers originating in the interior 
 highland, and crosses the Namib Desert. Fluvial terraces are well developed along the middle 
reaches of the Kuiseb River near Gobabeb, and are classifi ed into four surfaces: upper (H), 
middle 1 (M1), middle 2 (M2), and lower (L). Layers of calcrete are founded on the M1 and 
M2 surfaces, and gypcrete layers are founded on the H surface. Dead tree matter, buried by 
dune sand on the L surface, dates to 300±60 years BP and 550±50 years BP. The calcareous 
crusts on the M1 surface date to 5,300±60 years BP and 6,450±50 years BP, and those of the 
M2 surface date to 22,070±260 years BP. The presence of calcrete suggests that the ground 
water level was higher when the M1 and M2 surfaces were formed than it is at the present 
time. Tree size distribution on the L surface demonstrates that the L surface was also formed 
during a relatively wet period. It may be concluded, therefore, that these fluvial terraces 
 record the humid periods of ca 22 ka, 5–6.5 ka, and 300–600 years BP in the catchment area 
of the Kuiseb River. The presence of a water-soluble gypsum crust on the H surface suggests 
that the paleohydrologic environment of these terrace-forming periods probably involved 
 increased rainfall in the interior highland east of the desert.
Key Words: Namib Desert; Kuiseb River; Ephemeral River; Fluvial Terrace; Calcrete, 
 Dendrochronology; Paleohydrology.
INTRODUCTION
The Namib Desert stretches along the Atlantic coast of southern Africa, 
 measuring about 1,400 km in length and varying between 40 and 120 km in 
width. The Namib Desert is one of the driest deserts in the world. The cold 
Benguela current that fl ows northward along the coast of Namibia strongly 
infl uences the extremely dry climate of the Namib Desert. The whole area of 
the Namib Desert receives less than 200 mm precipitation per year.
Previous studies have shown that marked environmental changes occurred in 
the African continent during the Quaternary age. However, current  understanding 
of paleoenvironmental change in southern Africa remains insuffi cient, and the 
area understudied, as compared to parts of northern Africa centered on the 
Sahara Desert. Paleoenvironment evidence in dry regions is rarely well- preserved.
Ephemeral rivers are the areas of particular interest in which the paleoenvi-
ronmental record of the desert has been well preserved. The fl uvial sequences 
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in the Namib Desert indicate alternating periods of aggradation and degradation 
throughout the Quaternary (Heine, 1998; Lancaster, 2002). Late Pleistocene and 
Holocene fl uvial deposits indicate periods of fl uvial aggradations at approxi-
mately 19–23 ka, 10–12 ka, 3–5 ka, 0.9–1.2 ka BP, and 300 years ago (Lancaster, 
2002).
The Kuiseb River is the most thoroughly studied river in the Namib Desert. 
The deposits and terraces of the Kuiseb River have been studied by a series of 
researchers (Rust & Wieneke, 1974, 1980; Marker, 1977; Marker & Muller, 
1978; Vogel, 1982; Ward, 1987; Heine, 1985). The Homeb Silt deposit, which 
has been interpreted as a slack water deposit (Heine & Heine, 2002), occurs in 
the Kuiseb Valley upstream of Gobabeb. Radiocarbon dates from the Homeb 
Silt range between 23 and 19 ka BP. The Gobabeb Gravel deposits overlying 
the Homeb Silt date to 9.6 ka BP, indicating a period of Holocene aggradation (Vogel, 
1982). The depositional environment and origin of these deposits have been 
 discussed elsewhere, it remains unclear, however, whether such aggradations 
indicate a humid period or a dry period.
The aim of this study was to investigate the paleohydrological environmental 
history of the Kuiseb River. The landforms of the middle course of the Kuiseb 
River at Gobabeb are classifi ed, and the soil profi les of each geomorphic 
 surface are used to estimate the paleoenvironmental conditions. The ages of 
 fl uvial terraces are dated, using radiocarbon dating and dendrochronology.
Desertifi cation has become the most important environmental problem facing 
Namibia. The descent of the groundwater level and the accompanying decline 
of riparian vegetation along the Kuiseb River have been reported in recent 
years (Mizuno & Yamagata, 2003). The processes of the area’s paleoenviron-
mental changes should be very helpful in evaluating the present environmental 
problem.
RESEARCH AREA
The Kuiseb River is one of the major rivers rising in the interior highland 
and crossing the Namib Desert (Fig. 1). It is an ephemeral river, fl owing only 
after suffi cient rain has fallen in the catchment area. This river marks the 
 border between the sand desert to the south and the rock desert to the north, as 
the temporal fl oods tend to wash out the dune sand advancing from the south (Fig. 
2 & 3). The underfl ow water of the Kuiseb River creates a narrow oasis along 
the river. Due to these conditions, several types of environments adjoin the 
 narrow riverside area.
Most previous studies have investigated the Kuiseb Canyon in the upper river 
basin. This study investigates the area around Gobabeb, along the middle reach 
of the Kuiseb River, about 60 km inland from the Atlantic coast. The study 
area lies at the mouth of the canyon, where the fl uvial terraces and present 
fl ood plain are well developed (Fig. 2 & 3). Under these geomorphic condi-
tions, the riparian forest should be strongly affected by the fl uctuation of the 
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Fig. 1. The Namib Desert, showing major drainages, dune areas (dotted area), and location of 
study area (quadrangle area). Shaded area of Kalahari in the inserted map shows the distribution 
of the Kalahari Sand. (adapted from Thomas and Show, 1991)
Fig. 2. CORONA satellite photograph of the Kuiseb River marking the boundary between sand 
desert and rock desert. (Imagery supplied by USGS; 1963/08/29)
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ground water level, making the locality particularly suitable for studying land-
form development and environmental change.
TERRACE SURFACE AND DEPOSITS
Two survey lines were set across the Kuiseb River valley, from which two 
topographic profi les were drawn. Similarly, soil profi les along the survey lines 
were observed at points along each geomorphic surface.
The topographic profi le of line 1 is illustrated in Fig. 4. The three terraces 
are classifi ed as Lower (L), Middle 1 (M1), and Higher (H). Although this 
region receives only 27 mm of annual precipitation, the underfl ow water of the 
Kuiseb River nurtures a riparian forest that is developed primarily on the pres-
ent fl oodplain and L surface. In contrast, there is almost no vegetation on the 
M1 and H surfaces. Small sand dunes are formed on the boundary between the 
terrace L and M1 surfaces, while large-scale linear sand dunes develop on the 
H surface. Because river-borne gravel deposits are recognized on the H surface, 
this  surface is considered to be a fl uvial surface.
On the other hand four terraces are recognized in the topographic profi le of 
line 2 (Fig. 4). Of those terraces, three correlate with the L, M1, and H 
 surfaces, based on the relative height of the terraces from the present riverbed, 
and on the characteristics of the soil profi les. With the new classifi cation of the 
Middle 2 (M2) surface, a total of four terrace surfaces are identifi ed in the 
study area, of which three (L, M1 & M2) develop only around this region. The 
H surface appears to continue through to the Great Escarpment and on to the 
Atlantic coast.
The columnar sections of surfi cial deposits on each terrace are shown in 
 fi gure 5. Deposits on the L, M1, and M2 surfaces are mainly composed of 
Fig. 3. Topographic map of the study area. Lines indicated are survey lines.
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sandy deposits, and include stratifi ed silt layers in some places. On the M2 
 surface, a gravel layer containing pebbles of about 2–4 cm in diameter occurs 
at the top of the deposit (Fig. 5–6). The most part of the H surface is exposed 
rock, but as some partial gravel deposits are recognized here, it is confi rmed as 
a fl uvial surface.
The difference in height between the present fl oodplain and the L surface is 
less than 1 m, but thick litter deposits are recognizable only on the L surface (Fig. 
5). This supports the conclusion that the L surface is older than the present 
fl oodplain.
Duricrusts have clearly formed on the M1 and H surfaces, and are somewhat 
developed on the M2 surface. However, no duricrust is present on the L  surface 
or the present fl oodplain. Figure 6 shows the duricrust on the M1 and H 
 surfaces; the color and shape of the two duricrusts differ markedly from each 
Fig. 4. Panorama views of the study area with the survey line and topographic profi les along the 
survey lines showing the distribution of the vegetation and locality of geological sections.
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other.
In order to determine the mineral composition of duricrust, x-ray diffraction 
analysis was performed on the orientated samples of the clay fraction, which 
was separated from crushed samples by centrifuge. Figure 7 illustrates the x-ray 
diffraction patterns of the deposits. The diffraction patterns clearly show that 
the deposits on the M1 surface contain calcite, while the deposits on the H 
 surface contain gypsum. The deposit on the M2 surface also contains a small 
amount of calcite. Therefore, the duricrust formed on the M1 surface is 
 identifi ed as calcrete, and the duricrust on the H surface is identifi ed as 
 gypcrete. The deposits on the present fl oodplain contain no calcite or gypsum, 
but do contain clay minerals such as illite and chlorite, derived from the 
 process of rock weathering.
The absence of calcrete on the present riverbed suggests that the M1 and M2 
surfaces were formed under different conditions from those that pertain to the 
present time. Calcrete formed near the surface by the accumulation of calcium 
Fig. 6. Duricrust on the M1 and H surfaces.
(a) Duricrust on the M1 surface, (b) Duricrust on the H surface.
Fig. 5. Soil profi le along survey line 1 (Ԙ –ԛ ) and line 2 (Ԝ –Ԟ ). The localities are shown in 
Fig. 4.
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carbonate, deposited by capillary rise and evaporation. Because water must be 
present in the soil to evaporate, the groundwater level was assumed to have 
been at a higher level than at present.
Although the M1 surface currently supports no vegetation, the calcrete on the 
M1 surface appears to have precipitated around the roots of plants (Fig. 6). 
This suggests that the M1 surface was originally covered with vegetation, which 
covered an area much larger than the present riparian forest.
AGES OF THE TERRACES
Calcrete contains carbonate, which allows the use of radiocarbon dating. 
However, this method may not yield an accurate date for the material owing to 
contamination of the sample by younger carbonate. On the other hand, this 
means that the radiocarbon dating of calcrete generally yields the youngest 
 possible age. The calcrete formed on the fl uvial terraces in the study area is 
thought to have formed within a short period of time. When the river fl oor 
 terraced, the surfaces were separated from the underfl ow water of the Kuiseb 
River, causing calcrete formation to cease. The fact that the calcretes on the 
M1 and M2 surfaces formed weakly around the roots of plants supports the 
theory that they formed over a brief period of time (Fig. 6a). It is therefore 
concluded that the age of the calcrete yields the substantially accurate age of 
the terraces.
Radiocarbon dating of the calcrete was performed to determine the age of the 
terraces, and the ages obtained are shown in Table 1. Conventional radiocarbon 
ages of 5,300±60 years BP and 6,450±50 years BP were obtained for the 
Fig. 7. X-ray diffraction pattern for terrace deposits.
Ch: Chlorite, I: Illite, Gy: Gypsum, S:  Sulphate, Q: Quartz, Fel: Feldspar, Cal: Calcite.
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 calcrete on the M1 surface, and an age of 
22,070±260 years BP was obtained for the 
M2 deposit.
The dead trees buried by sand dunes on 
the L surface were dated to 300±60 years BP 
and 550±50 years BP. Samples for dating 
were taken from the  surface of the tree 
trunk, and the age of the L surface was 
determined to be about 300 to 600 years old. 
Dendrochronological techniques were also 
used to fi x the age of the L surface. Several 
large-diameter trees were cored, and their 
ages were calculated to range from about 
300 to 600 years old.
The base diameter distribution of the trees 
on the L surface was measured (Fig. 8). 
Under ordinary circumstances, the distribution 
pattern should show that younger trees are 
more numerous. But the results indicate a 
marked deviation at a diameter of 20–30 cm 
(Fig. 8). In fact, young trees and seedlings 
are not evident in the forest, suggesting that the riparian forest formed during 
the past humid period of about 300–600 years ago, and that the forest has 
 terminated the regeneration since the L surface  terraced.
PALEOENVIRONMENTAL AND PALEOHYDROLOGIC CHANGES IN THE 
MIDDLE COURSE OF THE KUISEB RIVER
Paleoenvironmental changes along the middle course of the Kuiseb River can 
be reconstructed on the aforementioned results as follows: The M2 surface 
formed ca. 22 ka of the last glacial maximum. This period was likely to have 
been more humid than the present, leading to a considerably higher rate of 
 sediment generation, resulting in the formation of a relatively high depositional 
surface. A drier period probably followed this period, followed in turn by a 
more humid period at about 5–6.5 ka. The depositional surface (M1) formed in 
the valley and was covered by vegetation during this period. Simultaneously, 
the calcrete precipitated on the surface via the capillary rise of the shallow 
Table 1. Radiocarbon dates of samples (conventional 14C age).
Surface Material 14C data (years BP) Laboratory code number
L Wood   300±60 Beta-165889
M1 Calcrete 5,300±60 Beta-164939
M1 Calcrete 6,450±50 Beta-176921
M2 Calcrete 22,070±260 Beta-176922
Fig. 8. Size distribution of riparian for-
est trees on the L surface.
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groundwater. During the subsequent drier period, this vegetation retreated. About 
six hundred years ago, the climate once again became more humid, and the 
present riparian forest was established. The most recent aridifi cation began about 
300 years ago, and led to the decline of the riparian forest and an increase in 
dune formation.
It is problematical whether this evidence indicates an increase in precipitation 
in the Namib Desert. The gypsum in the Namib Desert was probably formed 
by the deposition of atmospheric sulphate derived from the Atlantic Ocean 
(Eckardt & Spiro, 1999). The presence of a water-soluble gypsum crust on the 
H surface suggests that a signifi cant increase in rainfall did not occur during 
the late Quaternary period. Therefore, the paleohydrologic environment of the 
terrace-forming periods probably involved increased rainfall in the interior 
 highland east of the desert, rather than in the desert itself (Heine, 1998).
The previous chronology of the environmental change in southern Africa is 
shown in Fig. 9. The data from basin, lake, pan, and river in the inland 
 Kalahari Desert record a humid period of 20–25 ka, during the last glacial age, 
a date that is in common with the records present in the Kuiseb River (Fig. 
9-a). However, evidence of humid periods between 10–20 ka and around 40 ka 
does not appear in the Kuiseb River. Holocene environmental change has been 
examined in the Namib and Kalahari deserts, and within a marine core taken 
from off the coast of the Namib Desert (Fig. 9-b). The humid period of around 
6 ka was recognized as a distinct humid event in the Kalahari Desert, but the 
humid period of 2 ka and 4 ka recorded in the Kalahari Desert is not evident at 
the Kuiseb River. In addition, evidence of humidifi cation during the Little Ice 
Age has not been obtained from the Kalahari Desert. Therefore, it seems that 
there were some humid periods, identifi able not only in the Kalahari Desert, but 
also in the Namib Desert. This leads to the conclusion that the three humid 
periods identifi ed in this study (ca. 22 ka, 5–6.5 ka, and 300–600 years BP) 
Fig. 9. Chronology of environmental change in southern Africa proposed by various authors.
(a): The humid period of the Last Glacial Age in the Namib and Kalahari Deserts, (b): The Holo-
cene climatic change in southern Africa.
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were intensive enough to infl uence the Namib Desert.
SUMMARY
1. The four terraces L, M1, M2, and H were classifi ed in the vicinity of 
Gobabeb along the middle course of the Kuiseb River.
2. The ages of the terraces were estimated by radiocarbon dating of calcretes 
and dead trees on these surfaces, and through dendrochronological data of 
the riparian forest on the L surface as follows: L surface: 300–600 years 
BP; M1 surface: 5–6.5 ka M2 surface: ca. 22 ka.
3. The formation of calcrete on the M1 and M2 surfaces and the establish-
ment of the riparian forest on the L surface suggest that the terrace- 
forming periods were more humid than at present.
4. The presence of water-soluble gypsum on the H surface demonstrates that 
humidifi cation did not occur in the Namib Desert, but in inland along the 
upper stream of the Kuiseb River.
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